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SECTIONS

By NklvinS.Anderson

A methodispresentedforcalculatingcripplingstressesofstruc-
turalsectionsasa functionofmaterialpropertiessmdtheproportions
ofthesection.Thepresenceofformedoranisotropicmaterialis
accountedforby theuseofan effectivestress-straincurve.The
methodofanalysisappliestomanysectionsforwhicha procedurefor
calculatingcrip@ingstresseswasnotpreviouslyavailable.

INTRODUCTION

isthedeterminationof
andstiffenersofthebasic
longcolumn,isnotsubject

An importantpartofstructuraldesign
allowablecompressiveloadsforthecolumns
aircraftstructure.Ifa member,suchasa
to localbuckling,themaxirmmloadcanbe adequatelypredictedby
Ner’s columnformulawiththetangentmodulususedforinelastic
stresses.However,forshorterlengths,manysectionscomposedof
plateelementsbucklelocallybeforethecolumnloadisreached,causing
a reductionincolumnstiffnessanda correspondingreductioninthe
ultimateled. As lengthisdecreased,a pointisreachedwherefail-
ureisprimarilya functionofthecross-sectionalproportions.For
thisportionofthecolumncurve,strengthisrelativelyindependent
of length,andtheaveragestressatmaximumloadhasbeenreferredto
as thecripplingstress.Forpracticalpurposes,then,thecrippling
stressisthehigheststressthatcanbe achievedby a sectionandpro-
videsan indexto thecapaci~ofthesectionto carrycompressiveload.

Becausetheessentiallyexactdeterminationof cripplingstresses
isextremelydifficult,informationnecessaryfordesignhasbeen
obtainedexperimentallyby testingvarioussectionsrepresentativeof
theshapes,proportions,andmaterialsincurrentuse. This approach
isadequateifonedoesnothaveto considermanymaterialsora wide
variationinthepropertiesofthematerial.However,thetemperatures
achievedinhigh-speedflightrequdretheintroductionofheat-
resistantmateriabandconsiderationoftheeffectsoftemperatureon
materialproperties.Theexperimentaldeterminationof crippling

—— .— ——.-._
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stressesundertheseconditionstendstobecomeunwieldy.Tmorderto
ellminatetheneedforextensivetestingprograms,severalinvestigators
havedevelopedempiricalcrippling-strengthequations,basedonthe
availabledata,relatingcripplingstresstotheproportionsofa sec-
tionandthepropertiesofthematerial.Ihreference1,a methodIs
presentedforpredictingthecripplingstrengthofformedchanneland
Z-sectionsandextrudedchannel,Z-,andH-sectionshavingwebswith
rektivelysmallwidth-thicknessratios.Testsmadeinthepresent
investigationindicatethattheequationspresentedinreference1 can-
notbe extendedto sectionsforwhichthewidthofthewebislargewith
respectto itsthiclmess,andthereforeprobablycannotbe considered
toapplytoextrusionsingeneral.Tnreference2 a methodispresented
thatwillapplytoanyformedsection,butsuchananalysishasnotbeen
madeforextrudedsections.Thepurposeofthepresentpaperisto
introducea methcdofpredictingcripplingstresseswhichwillinclude
therangealreadyconsideredaswellas sectionsforwhicha methodwas
notpreviouslyavailable.

Muchofthematerialpresentedinthisreportwassubmittedtothe
VirginiaPolytechnicInstituteasa thesisinpartialfulfillmentof
therequirementsforthedegreeofMasterofScienceinAppliedMechanics.
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0.2-percent-offsetcompressiveyieldstress

stressatwhich Et= : Es
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Subscripts:

F

s

w

max

f 3ange

skinofa sheet-stringerpanel

web

Cripplingfailures
whichlocalbucklingis

ANALYSIS

canbe dividedintotwocategories:onein
initiatedinthehigh-stressregion(stresses

greaterthanaboutthree-fourthsoftheyieldstress)withfailure
occurringat littleorno increaseinload,andoneinwhichlocal
bucklingiseksticwitha definitemarginbetweenbucklingandmaximum
load. Calculationofthecripplingstressforthefirstcaseisin
essencea calculationoftheplasticbucklingstress.A convenient
procedureforcomputingplasticbucklingstressesistorelatethe
stressatwhichbucklingwouldoccurifthematerialwereperfectly
elastictotheactualbucklingstressbymeansofa plasticityreduction
factorq whichisa functionofthestresslevel.A valueof ~ that
issimpleto computeandcorrelateswithtestdatais ~~. Thebuck-
Ilngstressisthengivenby

(1)

where

~ ‘ I/tip

Theproblemthatremains,then,isthecalculationofthecrippling
stressof sectionswhichbuckleelasticallyandthensustainfurther
loadbeforefailure.

Oneoftheear~estmethdsusedforpredictingcripplingstresses
wasto calculatethebucklingstressforeachplateelementandaverage
thesestressesaccordingtoarea.Thisapproachisconservativeinmost
casesbecauseofthecapacityofplateelementsto supportloadafter
buckling. However,theconceptthatthecripplingstressmaybe obtained
by averagingstressesthatarecharacteristicoftheindividualelements
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canstillbe usedtoformulateam empiricalcripplinganalysis,as is
illustratedinreference3 wherecripplingcurvesarepresentedfor
plateelementsof certainaluminumalloys.Thisconceptisusedinthe
presentpapertodevelopcripplingcurvesthatareapplicabletoplate
elementsofanymaterial.

with
free
fbt

Forthisanalysis,twobasicplateelementsaredefined:plates
oneunloadededgefree(flsnges)andplateswithnounloadededges
(webs). Thecripplingstressofanysectioncomposedofessentially
plateelementsisthengivenby

(2)

Thevalidityof separatingthecripplingloadintotheloadscarriedby
theindividualparts,as inequation(2), isillustratedinthefollowing
sections,andappropriateexpressionsfor ~ and T7Faredeveloped.

Determinationof ‘~ and ~

Thebasicproblemistodetermineexpressionsfor ~ti~Fin
equation(2)thatwillcorrelatewithexperimentsconductedovera wide
rangeofproportionsandonmanymaterials.Theresultsofreference4
canbe usedtoestablisha relationshipbetween~w @ W/&T” fi
thatinvestigationa largenumberofplatesofvariousmaterialswere
testedincompressionina V-grooveedgefixtureinordertodetermine
a suitableparametertodefinematerialpropertieswhichaffectplate
compressivestrength.Worntheresultsoftheseteststheparameter

(E+2)112wasfoundto correlatefailingstressesfora varietyof
materials.Thisparameterwasobtainedinreference4 fromtheapproxi-
materepresentationofthecurveofaveragestressplottedagainstunit
shorteningfora plateafterlocalbuckling,

() l-m
$= & (3)

2By replacingecr with K ~ ,
()

theaveragestresscorrespondingtoany

tit shorteningmaybewrittenintheform

(4)

..-. .,. —______ —.. — — —. — ———
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itsequivalent
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givengeometry

evaluated

stress-straincurve.Themaximumvalueof

Es )l-mfiforanymaterialoccursat thestressatwhich
A generaleqyationforcripplingmaythenbewritten

~f = ,(y-w~$y(l-rn) (5)

Inreference5 gocnicorrelationof cripplingstressesforwebelements
wasobtainedintheelasticrangeby theuseofthismaterialparameter
with m equalto 1/2. At highstresses,wherefailureisinfluenced
by plasticity,theparameterwasmodifiedby replacingthesecantmodu-
lusat U2 withthesecantmodulusatthefailurestress,andthusthe

parameter(%’U2)1/2 evolved.

Representativedataofreference4 forplatestestedinV-groove

fixturesareshowninfigure1,where ‘5/(Es1cr2)1/2isplottedagainst
bW/~” ~so ticludedarethecripplingstressesobtainedfromtestsof
squaretubes,whichareinagreementwithcripplingstressesofplates
testedinV-groovefixtures.Theclosenessofthepointstoa single
curveindicatesthesuitabili~of (Es%2)l/2asa materialcorrela-
tionparameter.For ~/tW < 45 thetestresultsareadequatelyrepre-
sentedby thesimpleeq&tion

%

(E8b#2
%

= l.~—
%4

(6)

Beyondb~~/@= 45,equation(5)tendstobe slightlyconservative,and

-/ ,.2)1/2a valueof w (E8 correspontigtothedashedcurveinfigure1
shouldbe used. Thecurvepresentedinfigure1 wasalsoshowninrefer-
ence4 tobe applicabletowebelementsofmorecomplicatedstructures.

Inthedeterminationofanexpressionfor =F,a moreindirect
approachisused. ~ ‘W isassmedtobe givenas infigure1,val-
uesof 6F canbe deducedfromtestsonsectionscontainingbothwebs
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.

andfknges. A largenumberoftestson channelandZ-sectionshave
beenmadeandtheresultsarereportedinreferences5 to 12. The
averagestresscarriedintheflangesofthesesectionsatmaximum
loadisdefinedby equation(2)as

(7)

nomequation(7),~F wascomputedforthechsmnelandZ-sections
whichbuckledat lessthanthree-fourthsoftheyieldstress.The
resultsofthesecalculationsindicatedthat ‘~ ineachmaterialwas
relatedto tF/bFby an equationof theform

(8)

Comparisonofequation(8)withequation(5)suggeststheuseofthe

parameter(Es’u32)1/3to correlateflangestiessesamongmaterials.
~ l/3

Accordingly‘7Fl@~‘~3) wasplottedagainst~/~ as shownin
figure2. Deviationsof thedatafroma singlecurvemaybe causedby
(1)experimentalscatter,(2)variationof thewebstressfromthat
givenby figure1, (3)variationoftheflangestressdueto interaction
withotherplateelements,and(4)theinabilityof simpleparameters

suchas
()
Es‘021/2 ~d

(ES’U32)’-’3todeterminecompletelytheS-
effectofmaterialpropertieson crippling.Iha plotsuchasfig-
ure2,errorsfromallsourcesareattributedtotheflange,which
representsonlya portionofthetotalcrose-sectionalarea;hence
thesedeviationstendtobe ugnified.me lowpointsaround
bF/tF= 15 correspondtotestswherethelengthwasgreatenoughso
thatcolumnactionmayhavebeenpresent.Whenthesefactorsaretaken
intoaccount,thescatterisnotgreatandona logarithmicplotthe
testpointstendto lieona straightldnegivenby theequation

(Es;u2,1733

where ‘3 isthestressatwhich

givethebestfittothedatafor

()2/3= 0.65~

.

(9)

Et= $Es. Thellnewasdrawnto

allthedifferentmaterials.

. . . . . . . ————— . ..— — ——. _ —.. .———.
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b thepreparationoffigure2, the
measuredbetweenthecenterlinesofthe
thefigure.Thematerialparametersfor

dimensionsbF
plateelements
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and~ were
as indicatedin

theformedsectionswerecal-
culatedfromm effectivestress-straincurvewhichisdescribedinthe
sectionentitled“MaterialPropertiesandtheEffectiveStress-Strain
Curve.”InlableI areUstedthevaluesof up and a3,a~wellas

//upE21 2 and u c 1 3 whichmightbe calledtheelasticvaluesof3/3~’
(%’fJ2) 1/3 Dataaregivenforthematerialsshownin

“2 ad (E~”3) “
figure2 andforsomematerialsthatappearsubsequentlyinthisreport.

fiapplyingthecurvesoffigures1 and2 toothersections,it
wasfoundthatcalculationswereconservativeforsectionswithflanges
supportedbymorethanoneotherplateelementat a corner,suchas an
H-section.Thehigherloadcarriedbythesesectionscanbeattributed
totheincreasedstabilityofthecornerswhenmorethantwoplate
elementssupporteachother.Byassumingthatthewebstressesare
stillgivenby figure1,a newsetofflangestressescanbe calculated
fromthetestresultsonH-sectionsreportedinreferences5 to 9. The
resultsofthesecalculations,plusthecripplingstressofa fewcru-
ciformsections,areshowninfigure3. An equationofthesameform
as equation(9)maybe fittedtothesedata,butthecoefficientis
now0.75insteadof0.65. Theassumptionthatthewebstressisobtain-
ablefromfigure1 is strengthenedby thefactthatcripplingstresses
ofcruciformsectionsinterminglewiththeflangestressesforH-sections.

An empiricalequationfortheaveragestressatfailureofa flange
elementmaythenbe-mittenas

where CF iS 0.65fOr twoelementsata corner

(lo)

and0.75formorethan
twoelementsata corner.

AlternateFormoftheCripp3ingEquations

Inreference4 itisshownthatformanymterialstheparsmeter

(E<”2)1/2 isapproximatelyproportionalto theparameter(ES(JW)~~2,
whichinvolvescommon3yquotedquantitiesformaterials.similarly,
theparsmeter@%~)l13 is approximatelyproportionalto (ES”CY?l’3*

—
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Althoughit iS

9

believedthatthequantities(Es,c2)l/2~d @s,a32)1/3

aresuperiorto (E@cY)
1/2 ~d

(%2)113” - ~ -,asmaterialcorrelation
parameters,particularlyforuterialshavingroundedstress-strain
curveswithouta definedyieldstress,thecripplingequationsforwebs
andflangesintermsofthelasttwoparameters-areoftenmoreconvenient
touse. Thedatainfigures1,2,and3, therefore,canalsobe repre-
sentedby

(IL)

where CF is 0.59for-twoelementsata cornerand0.68formorethan
tioelementsata corner,andwhere Es isassociatedwith ‘5 and
dF,resPective~.

MaterialPropertiesandthel&fectiveStress-StrainCurve

Theequationsfor ‘5 and ~ containa termwhichrepresents
theeffectofgeometryon crippling,andanothertermwhichisa measure
ofmaterialproperties.Forsectionswhichhaveuniformproperties,the
materialparameterscanbe calctiteddirectlyfromtheccmrpressive
stress-straincurve.E a materialisanisotropicorhasa variationin
materialpropertiesduetoforming,thestress-straincurvecanbe modi-
fiedtoaccountforthesevariations.Reference4 presentsa simple
empiricalmethodof constructingthismaiifiedoreffectivestress-strain
curveforan anisotropicmaterial.Theeffectivestress-straincurve
wascomputedasa weightedaverageofthestress-straincurveinthe
loadingdirectionandthestress-straincurveinthetransversedirection,
thestress-straincurveintheloadingdirectionbeingweightedtwice
asmuchas thestress-straincurveinthetransversedirection.The
correlationthatcanbe achievedwiththistypeofcorrectionis illus-

tratedinfigure1,wheretestpointsfor18-8-?H stainlesssteel,

whichishighlyanisotropic,Me onthesamecurveas thoseforthe
isotropicmaterials.Formostmaterialsthiscorrectionisnegligible,—
butitis importantfora materialsuchas 18-8-;H stainlesssteel.

— -—-— _ —.——-—
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Ilhena sectionisformedfromflat-sheetmaterial,theyieldstress
inthevicinityofformedcornersisgenerallygreaterthanthatinthe
flatsheet.Thisincreaseinyieldstressresultsina highercrippling
stressthanforan identicalsectionwithuniformpropertiescorresponding
tothoseoftheflat-sheetmaterial.Hereagainitispossibletodefine
an effectivestress-straincurvewhichwillgivesatisfactorycorrelation
whenusedtocalculatethematerialparametersnecessaryforpredicting
thecripplingstress.Severalmethodsof conibiningthepropertiesof
theformedandunformedpartsofthesheetweretried,andtheonethat
appearedtoworkbestwasalsooneoftheshnplest.Itwasfoundthat
theeffectivestress-straincurveforformedsectionscanbe takenas
thecurveobtainedby averagingthestressfromtheformed-cornerstress-
straincurvewiththestressfromtheflat-sheetstress-straincurveat
~ @ven valueof strain.Eventhoughtheformedmaterialmayconsti-
tutea smallpercentageoftotalarea,itsstress-straincurvemustbe
weightedasheavilyasthatfortheflat-sheetmaterial,becausecripp~ng
ofa compositesectionisassociatedwithfailureofthecornerandhence
willbeinfluencedmostby thematerialpropertiesinthevicinityof
theformedcorner.V&n theeffectivestress-straincurveisWed, test
pointsforformedsectionsinterminglewiththoseforextrusions,as
showninfigure2. Althoughtheshapeofthecurvedcornermayinflu-
encethecripplingstress,thefo~s Qly thattheeffectof increased
yieldstressduetoformingismoreimportant.A similarobservation
canbe madere@rdingtheeffectofthecurvedcorneronbucldingstresses.
Forelasticbucklingtheconventionalformulascanbe usedwithoutcon-
sideringtheeffectofthecurvedcorner(ingeneral,formingdoesnot
changeE);intheplasticrangetheformulasareconsermtive,a fact
whichmaybe attributedtotheincreaseinyieldstress.Theseconclu-
sionsarebasedonthetestsreportedinreferences10to 12,wherethe
sectionswereformedtoa bendradiusofaboutthreetofourtimesthe
sheetthictiess.

Theeffectivestress-straincurvecanalsobe used,in conjunction
withequation(1),to calculatethebucklingstressforsectionsof
anisotropicmaterialorforsectionswhichhavea variationinmaterial
propertiesduetoforming.Thisapplicationisillustratedinfigure4,
whereexperimentalbucklingstressesfromreference10forformedchannel
andZ-sectionsarecomparedwithcomputationsbasedontheeffective
stress-straincurve.TheebsticbucklingstressUez iscomputedfrom
theconventionalplate-bucklingformula:

(12)

valuesof lq~canbe foundinreference13. Iftheeffectofforming
isneglected,thecalculatedbucklingstressesareratherconservative
as indicatedby thelowercurveinfigure4.
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Therefore,the
sectioncanbe used
introductionof the

Ll

proceduresandmethodsdevelopedh thepreceding
forformedsectionsoranisotropicmateriallythe
effectivestress-straincurvein thecalculationof

bucklingstressesaswellas cripplingstresses.

SizeofFlangeNecessaryTo Supporta Web

Resultsof cripplingtestsofflangedsectionsshowthatonety-pe
offailureoccurswhentheflangewidthis largeandanothertypewhen
thewidthissmall.Inthefirstcase,thejointsremainstraightuntil
failure;inthesecondcase,theflangejointistranslateduponbuckling
andfailureoccursat a reducedload.Theequationsdevelopedinthe
precedingsectionapplywhentheflangeis large;henceitisdesirable
toknowtheminimxnwidthofflangethatwillforcea nodealonga joint.

Inorderb establisha criterion,theflangeis consideredasan
elasticbeamprovidingreflectionalrestrainttoa web. Fromthesolu-
tionforthebucklingstressofa platerestrainedby elasticbeams,the
significantparametersdefiningtherestraintofferedby theflangemay
be determined.
it isseenthat
eter 0. For&

Inthissolution,givenby Timoshenkoinreference14,
thebuckMngstressisa functionofa stiffnessparam-
fl.angesupportinga web,

EIF 2
0 = — - ‘F”cra

%% ~~p%z
(13)

andas e approachesinfinitythebucklingstressapproachesthatofa
simplysupportedplate.Fortheproportionsencounteredinmostsections,
thesignificantquantityinequation(13)wasfoundtobe EIF/bw~,

whichmaybewrittenas ‘(%/%)3(%1/%)2(tF/%)”~ computingthe
cri~~ng stressesofsectionswithrelativelysmallflanges,itwas
foundthatifthequantity(bF~)3(~/~)2(~/~) wasgreaterthan20
thecalculationsweregenerallyinagreementwithtests,butifthis
quanti~waslessthan20thepredictionswereoftenunconservative.

l@stflangeproportionsencounteredinpracticearemorethanade-
quateto supportthewebseffectively.In some cases, however, sectio~

suchashatorZ-sectionsmayhaveanadditionalsmallflangeor lip
whichisnotlargeenoughto satisfythecriterion.Infigure5 the
cripplingstressesor lippedZ-sectionsareplottedagainstthesizeof
thelip. Whenthewidthofthelipis large,correspondingto

(14)

.—. -— —.
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Gf canbe predictedby themethmlofthepresentinvestigation.Also,
whenthe3ip.widthiszero,i5fcanbe computedasfora plainZ-section.
Theintermediatetestpointscanbe adequatelypredictedby drawinga
straightlinefromthevalueof Gf correspondingtothesmallestvalue

/
of ~ ~ thatwillsatisfyrelationship(14)to thevalueof Bf repre-
sentingthecripplingstressofa plainZ-section.

EXP~ VERIFICATION

Themethoddevelopedintheprevioussectionsisbasedprimarily
ontestsofaluminum-alloychannelandZ-sections.Theapplicability
oftheprocedureto othershapes,othermaterials,sectionstestedat
at elevatedtemperature,andsectionswhichhavebeenfabricatedwith
rivetedjointsisillustratedinthefollowingparagraphs.

ArbitraryCrossSection

Inconnectionwiththeanalysisofreference2,a groupof24s-v
(nowcalled2024-u)cladaluminum-alloysectionsweretested.These
sectionswereformedtogivemmy differentcombinationsofwebsand
fbngessuchaslipped-angle,channel,andZ-sections,hatsections,
andvariousothershapes.h tableII,predictionsof crippMngstresses
basedonthemethoddevelopedhereinarecomparedwiththetestdata
reportedintableVI ofreference2. Calculationsarebasedonthe
materialpropertiesgivenintableIVofreference2,andagreement
isseentobe satisfactory.

OtherMaterials

Thestress-straincurveofstainlesssteelissubstantiallydiffer-
entfromthatofthealuminmalloysinbothheightandshape.Because
ofthesedifferencesa fewtestson channelandhatsectionsof stain-
lesssteelweremadeto substantiatetheapplicabilityofthemethoito
othermaterials.Testresultsalongwithpredictionswe shownin
tableIII. Itshouldbe notedthatthereisa markedincreaseinyield
stressduetoformingofthecorners,aswellasa considerablediffer-
encebetweenthewith-grainandcross-grainproperties.Predictions
basedontheeffectivestress-straincurve,whichweightsthesevaria-
tionsinyieldstress,arewithinabout*7 percentofthetestresults
exceptforonetestforwhichthepredictionwasconservativeby about
E percent.
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ElevatedTemperatures.

.

.

hasmuchas thecripplingstressisgivenasa functionofmaterial
propertiescalculatedfromthestress-straincurve,itisexpectedthat
theequationwillapplytotestsatelevatedtemperatureiftheappro-
priateelevated-temperaturestress-straincurveisused. Thecorrela-
tionthatcanbe achievedisild.ustratedinfigure6,wherepredictions
arecomparedwiththeexperimentalcripplingstressesofH-sections
testedatelevatedtemperaturesandreportedinreference15. Predic-
tionsareconservativeforlowvaluesof bW/tw.

FabricatedSections

An importantapplicationofa cripplinganalysisisthecalculation
ofthecripplingstrengthoffabricatedstructuressuchas sheet-stringer
panels.However,thebehaviorofthesepanelsnaybe sffectedgreatly
by thedesignoftherivetedattachmentflangebetweensheetandstringer,
as showninreference16. Thecripplingcurvespresentedhereinmaybe
expectedtoapplywhennear-integralattachmentofthesheettothe
stringerisachievedby therivetedjoints.‘Ibchecktheaccuracyof
theprocedure,thecripplingstressesofthepanelsreportedoninref-
erence17werecalculatedandarecomparedwithexperimentintableIV.
ThesepanelshadextrudedY-sectionstiffenersand,accordingtothe
resultsofreference16,therivetattachmentwassufficienttoachieve
near-integralbehavior.Theexperhentalcripplingstressesarefor
psmelshavingslendernessratiosof20 or40. Thematerialproperties
ofthe7075-’I6aluminumalloyvariedenoughfromtheaveragesothatas
muchas 7 percentscattercouldbe expectedforthisreasonalone.In
mostcasesthescatterislessthan7 percent,butina fewcasesitis
ashighas 11percent.Theoverallcorrelationappearstobe satisfactory.

DISCUSSION

Theempiricalcripp~ng-strengthequationspresentedgivethe
averagestresscarriedby eachoftheindividualplateelementswhich
comprisea structuralsection.Theloadscarriedby eachelementmay
be obtainedby multiplyingequations(6)and(10)by theappropriate
areatogive

‘w—= 1.75(Es’IY2) 1/2

%?

fora webwith bW/tW<45,and

(15)

—-—— —— —.— —.— —.—..
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(M)

fora flange.Itisseenthat,fora giventhiclmess,theloadcarried
by a webofthewidth-thidmessratiosencounteredinstiffenersiscon-
stantexcept~~henbW/tw issma~ enoughsothatthecripplingstress
isintheplasticrange,whereasa flangewillsupporta loadthat
increaseswith bF/tF.Fromequations(15)and(I-6),thedistribution
ofmaterialwhichgivesthehighestcripplingstresscanbe quickly
determined.Forexample,ina chsnnelorZ-section,theoptinnmpropor-
tionwillbesuchthat ~ is closeto U2,inasmuchasatthisvalue
of stressan increaseinwebwidthwillnotincreasethewebload.
Calculationsby thepresentmethcdtidicatethat Gf fora channelor
Z-sectionmay%e reducedasmuchas 10or 15percentifthedistribution
ofmaterialbetweentheflangeandwebisnotoptimum.Someinvestiga-
tions,suchasthoseofreferences2 and12,haveignoredtheeffectof
distributionofmaterialandhavepresentedcripp~ equationsfor
channelandZ-sectionsthatgive Ef asa functionof b’/t

(b’=bw+2bF, thedevelop ed~dthofthesectfon)o~otherwor~,
ifa channelorZ-sectionisformedfroma sheetofa certainwidth,
theseformulasgivethesamecripplingstressforanyratioof bF/bw.

Inorderto showexperimentallytheeffectofdistributionof
material,thecrippllngresultsforthechannelsectionstestedinref-
erence10havebeenplottedinfigure7. Valuesof Gf areplotted
against~/bw forconstantvaluesof b’/t by cross-plottingthedata
@yen infigure210f reference10. Assumingthat ~f isa function
of b’/t alonewillinsomecasesleadtoappreciableerror.Inorder
to studyfurthertheeffectofmaterialdistributiononthestrengthof
sections,a seriesof7075-T6Z-sectionswithessentiallyconstantval-
uesof b’/t weretested.TheseresultsarellstedintableV and
plottedinfigure8. Buck2ingstresseswerecomputedfromequation(l$?)
directly,as q = 1 inallcases.A variationin Bf isapparent
(about10percent)andthemethodofthepresentpaperadequatelypre-
dictsthecripplingstressthroughouttherangeofproportions.

As statedpreviously,thevalueof bF/bw atwhichi3fisa msxi-
mumfora channelofZ-sectionwillbe suchthat ‘6 approximately
eqwilscr2.FortheZ-sectionsoffigure8,whereb’/t= 60,thiscon-
ditionwilloccurat bF/bw-0.9. However,themaximumvalueofthe
bucklingstressisat bF/bw~0.4,whichmeansthatfora certainrange
af wasincreasingwhile crcrwasdecreasing.~ otherwords,ifa
sectionissoproportionedastomcdmizethebucklingstress,thepro-
portionswillnotnecessarilybe optimumforcrippling.
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.

Earlterinvestigatorsdiscoveredanapparentdiscrepancybetween
cripplingtestsofformedandextrudedsectionsthatcoulinotbe readily
explained.When tifwasplottedagainstUcr,onecurveresultedfor
extrusions,whereasa familyof curvesappliedtoformedsectioti.
(See,forexample,fig.12ofref.1.) Thedifferencewasthoughtto
be causedby thepresenceofthecurvedcornerandtheincreaseinyield
stressduetoforming,butitwasnotaccountedforqusmtitatively.
Theseconclusions,however,weredrawnfromtestsonextrusionswith
bW/tw<25.h thisrangeofproportions,a criticalexaminationof
thedatashowsthatextrusionsandformedsectionshaveessentia~
thesamebehavior;thatis,cripplingresultstendto Me ononecurve
when ~f iS plottedag-t dcr. It couldbe expected,then,thatif
informationweremadeavailablefor&trusionswith bw/tw>& a fsmily
ofcurvesof 5f againstUcr couldbe plotted.Accordingly,aspart
ofthepresentinvestigation,testsweremadeof extrudedZ-sectionswith
%/% equalto30,35,and40.Thefailingstresses,whicharegiven
intableVI,areseentobe definitelylowerthanthepredictionsof
reference2 butareinagreementwiththemethodofthepresentpaper.
Sinceeachshapeandproportionhasa separaterelationshipof acr
to Ff,thecripplingstressofa structurecannotingeneralbe pre-
dictedby usingan empiricalrelationshipbetweendcr and T?ffound
foranothershapeorproportio~

Althoughtheequationsdevelopedhereinme basedontestswhere
bucklingoccurredat leqsthanthree-fourthsoftheyieldstress.,i+
wasfoundthatinmanycasestheycouldbe extendedthroughtheentire
stressrangewithoutseriouslossinaccuracy.~ general,ifthesec-
tionispredominantlycomposedofwebsor iftheflangesaresupported-
bymorethanoneotherelementata corner,theprocedurewillyield
satisfactoryresultsthroughouttherangeofstress.Calculatedresults
appearinginfigures6 and7 inmanycasesinvolvestiesseswhichare
muchgreaterthanthree-fourthsoftheyieldstressandyetareingod
agreementwithexperiment.me methodwasnotedtobe asmuchas 15per-
“centconservativeintheplasticrangewhentheareaoftheflangeswas
a significantportionofthetotalarea,as ina channelorZ-section.
hasmuchas theplasticbucklingstresscannotalwaysbe easilycomputed,
themethodpresentedhereinisrecommendedforallcases,butthe
cripplingstressshouldneverbe takentier thantheplasticbuckling
stressifitis known.

CONCLUSIONS

An empiricalanalysisofthecripplingstrengthofstructural
sectionshasbeenpresented.Themethodappliestobothextrudedand

.—_— -. .—- ————... .—
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formedsectionsofarbitraryshapeandproportion.Thefollowingcon-
clusionscanbe drawnfromtheanalysis.

1.To satisfythepurposeofa strengthanalysis,thecrippllng
loadforan integralcrosssectionmaybe takenasthesumofa setof
definedcripplingloadswhichsrecharacteristicoftheindividualplate
elements.

2. The load carriedby a plateelementofanymaterialispropor-
tionaltoa parameterwhichcanbe easilycalculatedfromthecompres-
sivestiess-straincurve.

3.Thepresenceofformedoranisotropicmaterialcanbeaccounted
forby usinganeffectivestress-straincurveincalculatingthematerial
parameters.

4.A simplecriteriondefinestheminimumsizeofflangenecessary
tomaintainridesata jointafterbuckling.Forsectionswithfhges
smalkrthanthisminimmsize,an extensionofthebasicprocedurecan
be usedto calculatethecripplingstress.

5.Proportioninga sectiontomaximizethebucklingstresswill
notnecessarilymdmize thecripplingstress.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyHeld,Va.jSeptember12,1955.

.
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TABLEI

VALUESOFMATERIAIIPARAMETERS

Materiala
/

~p azE21’2)~; “3~31’3Y
Olddesignation Newdesignation‘i mi ksi

{

~s-m 7075-T6 854 75 378
R303-T ~ 819 359
14SJT6 2014-T6 58 g 324

‘r-d 24s-T4 2024-T4 45 -g; 48 272
o-lHTA 31 425 32 18Q
(Magnesium)

[ )

24s-~ 2024-!Fj 46 624 56 273
17S-T 2017-T 43 596 49 254
Fs-sh 26 372 27 153
(Magnesium)

~ormedb24s-T3CM 2024-’Fj Ckd 44 615 50 262
18-8-; H 154 1,770175 812
(Statilesssteel
75s-6 7075-’I6 70 843 72 377

aAluminumalloyunlessotherwiseindicated.
%opertiesforformedsectionswereobtainedfromeffective

stress-straincurves.

.

——. .— .—— — . —- - —— .._. —____ . . .
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COMPARISONOF

TABLEII

EXPERIMWML ANDPREDICTEDCRJYPLINGS’ITWSES

FORFORMED2024-!u CL&DSECTIONS

Zzf,ksi
Crosssection Specimen

Experimentala Preaicteab

L . .. .
LrL : :: ::u c1 17.3 15.8

C2 24.1 24.o
27.5 28.4

% 31.4 33.9
@ 24.0 23.8

L

D1 17.4 1.6.3
D2 28.2 28.5
D3 23.3 23.9

. .

4 ! : i

d ~ ~: ~~

7-

G1 26.2 25.4
G2 17.8 17.2

LA ‘

H 25.0 26.0

%romtableVI ofreference2.
%ased on thematerialpropertiesin tableIV of reference2.

.— —
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CRIPPLINGSTRESSOF

r

TABLEIn

~.8.~H sTAINLF9S-SCEELSECI!IONS

[

E = ~jOCO hij Uw (tith~ti) = Illksi;

1
Ucy (cross grain) = 170 ksi; Uw (formed corner) = ti6ksi

LbF+J >%24
channel Hat

Channel Sections

I q>ksi I

30.6 0.352
29.7 .515
30.2 .652
30.6 .835
30.4 1.m
30.3 1.33

1.20
97.4
82.1
73.2
68.5
57.0

w
g5.1
85-5
76.0
70.4
60.6

Hat sections

%1 %2 ‘~
Ff, ksi

T T T Experimental Predicted

20.1 24.6 15.8 133 123
30.0 35.4 15.3 95.8 94.6
40.6 48.5 15.7 70.0

60.5
74.0

50.3 15.2 59.4 62.2

. .. —- —.......———— —— -—- .— —
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TABLEIv

COMPARISONOF EXPERIMENTALAND PREDICTEDCKU?PLINGSTRESSES

FORPANEL’3WITHEXTRUDEDY-SECTIONS~

df, ksi,for 2024-T
!!S & h

~f, ksi,for 7075-T6

ts tw ts ExperimentalaPredictedMp=rimmtala Predicted

25 20 0.40 42.7 43.2 58.1 57.0
35 20 .40 36.9 37.0 52.3 53.2
50 20 .40 32.0 30.8 43.9 43.7

25 25 .40 43.0 43.0 58.2 61.8
35 25 .40 36.0 37.3 49.1 53.0
50 & .40 31.4 31.4 43.6 44.0

25 30 .40 43.3 42.o ---- ----
35 30 .40 36.2 37.1 47.4 52.8
50 30 .40 30.6 31.5 ---- ----

25 20 .63 45.1 43.3 63.3 66.9
35 20 .63 40.6 39.2 54.7

.63 34.6
59.7

50 20 34.6 51.0 52.1
75 20 .63 30.0 29.1 43.5 43.9

25 @ .63 41.5 42.o 58.9 63.1
35 25 .63 37.4 38.4

.63
55.1 57.3

50 & 34.8 34.3
.63

51.2 50.5
~ 25 30.1 2?.4 43.8 43.4

25 30 .63 41.0 40.2 ---- ----
35 30 .63 36.8 37.2 49.9
45 30 .63

55.1
33.6 33-5 46.6 48.9

75 30 .63 30.6 2g.1 39.7 42.7

25 20 1.co 42.4 42.3 64.0 67.I.
35 20 1.(xl 41.1 40.2 58.3 63.3
45 20 1.03 38.7 37.2 57.0 58.5
~ 20 1.00 34.2 33.4 4g.6 52.3

~ * 1.00 39.1 40.3 58.7 61.4
35 25 1.00 39.1 38.5 54.8 58.0
45 25 1.al 37.0 36.2 53.1 54.4
m 25 1.00 34.2 32.9 47.7 49.5

35 30 1.00 37.6 36.5 48.3 53.2
45 30 1.cm 35.3 34.7 47.1 52.0
~ 30 l.m 31.7 31.8 43.5 48.o

%rom reference17.
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TABLEv

DIMENSIONSANDTESTRESULTSFORFORMED7075-T6

AIUMINUM-AILOYZ-SECTIONSa

[E= 10,500hi;crCy=72.5ksi]

bF/bw

0.214
.491
.490
.870
.863
1.46
1.51

I am Area, Ucr, ksi
Sq in.I bw/tw Gf,ksir41.729.9

;;.;
.

22.0
15.2
14.7

41.0
43.5
43.1
45.0
44.9
41.6
41.5

b’/t= 60.

2.55
4.82
4.82
6.27
6.21
8.89
g.11

0.593
.594
.595
●595
.590
.599
.600

27.0
34.6
29.4
22.4
21.2
20.2
19.0

%Chiclmessof sheetwasnominally0.102 inchwith

TABLEVI

CRIPPLINGSTRESSOFEXTRUDED7075-T6AIluMINuM-mY

25
1

Z-SECTIONSWI’I!Ebw/tw>

1-
L~cy= 78.6bi;E = 10,500ks~

PredictedBf,ksiexperiment.al
Bf,ksi

PresentinvestigationReferencela

30.4 39.2
50.2 39.4
30.4 39.3
35.4 25.5
35.4 26.5
41.0 24.4
39.8 23.8
39.5 25.1

47.1
47.3
47.0
40.3
41.4
37.2
38.5
38.9

47.6
47.8
47.6
42.7
44.0
;;.:

39:7

52.8
53.0
52.9
47.h
47.9
46.8
46.6
47.2

a df= o.macrl/4acy3/4*

. —— —— — —.- ——— —.. .
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